Growth hormone (GH) regulates the proliferation and maturation of chondrocytes in the epiphyseal growth plate, in which a temporal dimension is superimposed on the septal organization of the tissue. In this study we investigated the in vivo effects of hypophysectomy (Hypox) and injection of GH into Hypox animals (Hypox + GH) on the proliferative activity of the growth plate chondrocytes. We assessed the immunohistochemical expression of proliferating cell nudear antigen (PCNA) in pataffi-embedded tissues, using monoclonal antibody PC 10 against PCNA combined with immunogold-silver staining. We subjected the immunostained sections to computer-based image analysis by ACAS 570 interactive laser cytometry employing a conventional microscopic light source. Hypox was carried out on 20 rats at 8 weeks of age, half of which received a hypodermic injection of human GH at a dose of 1 IUlkg twice a day for 1 week after the operation. Another group of five rats of the same age were used as normal controls. In normal rats, a distinct PCNA immunoreaction was observed in the proliferative '
Introduction
The long-bone growth plate provides an opportunity to investigate the sequence of events that occur during the lifespan of chondrocytes and in cartilage matrix production (5) . The epiphyseal growth plate continues to form new cartilage with renewal of chondrocytes, and consequently participates in the longitudinal growth of long bones (20) . The growth plate itself consists of several morphologi-zone, whereas a remarkable diminution of the number of immunoreactive cells in this zone was apparent in Hypox animals. On the other hand, marked hyperplasia of PCNApositive cells was seen in the proliferative zone of the Hypox + GH rat growth plate. The immunoreactive cells of this zone in Hypox + GH animals exhibited increased nuclear size and staining intensity of PCNA compared with those in normal and Hypox rats. These findings were further confirmed by computer-based image analysis of the specimens in terms of cell integrated value, area, perimeter, and shape factor. These different patterns of PCNA expression may imply that GH specifically promotes the proliferation phase of the chondrocytes in the proliferative zone. The data also suggest that GH influences not only cell replication activity but also ell kinetics of chondrocytes in thegrowth plate during their lifespan. (J Hisrochem Cyrochem 44:713-720, KEY WORDS: Growth plate chondrocyte; Hypophysectomy; Growth hormone treatment; PCNA expression; Image analysis; Wistar rat.
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cally distinct zones in which a graduation in cell shape, cell size, and volume and composition of the matrix is demonstrated as the chondrocytes progress through their lifespan. With respect to proliferation of the cartilage maturation of the chondrocytes, Farnum and Wilsman (8) proposed the concept that each cellular column represents a clonal expansion of a stem cell, which may be produced independently in adjacent columns.
The growth and cell proliferation of cartilage are controlled not only systemically but also by local production of growth factors such as insulin-like growth factor4 (IGFI), fibroblast growth factor (FGF), and epidermal growth factor (EGF) (13, 15, 19, 23, 33, 35) . Receptormediated growth hormone (GH) regulation of the growth response after activation of these cytokines was also suggested in rat epiphyseal (30) and human growth plate (41) chondrocytes. Such a mechanism is called the dual effector theory (11) . In our previous report of EGF immunolocalization in tibial growth plates from normal, hypophysectomized (Hypox), and GH-treated hypophysectomized (Hypox + GH) rats (37) , we suggested the chondrocytes of the proliferative zone to be target sites of GH for cell proliferation.
A direct effect of GH on the proliferative activity of chondrocytes in the rat epiphyseal growth plate was also suggested (31) .
Recently, several unique antigens have been reported to be expressed in proliferating cells and to be detectable immunohistochemically. PCNA, also known as cyclin, is a highly conserved 35-KD protein expressed only in cells committed to DNA synthesis. It is an auxiliary protein of DNA polymerase-b (3), and its presence has been demonstrated in fixed, paraffin-embedded tissues (9,10,12). PCNA expression increases in a variety of cells in response to certain growth factors (2, 12, 17) . Cellular aspects of articular cartilage development were also reported on the basis of immunohistochemical estimations of changes in PCNA, IGF-I, and IGF-I binding protein (1) . Therefore, because of its inducibility by growth factors and its role in DNA synthesis and cell cycle progression (27), PCNA can be considered a key molecule in the control of chondrocytic proliferation.
Therefore, we aimed to confirm the idea that PCNA expression in cartilage would be decreased or increased when the GH level was changed by Hypox or GH injection, respectively. In this study, we assessed the in vivo modulation of cell proliferative activity using monoclonal antibody (MAb) PC 10, which recognizes PCNA (40). to provide additional information about the proliferative characteristics of growth plate chondrocytes (4,s). Concomitantly, computer-aided image analysis of PCNA reaction on sections by h " ogold-silver staining (IGSS) (38) was also carried out to examine the effect of hormonal alteration on the quantitative aspects of cell proliferation, because the changes in immunoreactivity should be most objectively evaluated when the data are subjected to a quantitative approach.
Materials and Methods
Animals and Treatment. Male Wistar rats were used in this experiment.
The animals were fed a standard chow and provided tapwater ad libitum. All animals were treated according to the principles of laboratory animal care (NIH publication, revised 1985) . Hypophysectomy was carried out on 20 rats 8 weeks of age via the parapharyngeal route under light anesthesia, and these Hypox animals were then maintained until 13 weeks of age. Half of the Hypox rats received a hypodermic injection of human GH (Nikken Kagaku; Tokyo, Japan) at a dose of 1 lU/kg body weight twice daily (0800 and 2000) for 1 week before sacrifice. Age-matched unoperated animals (n = 5 ) served as normal controls. Tissue prepgclt;on and Immunohistochemisuy. Epiphyseal growth plates were dissected from each experimental animal during deep anesthesia with diethyl ether. The tissue was cut into halves longitudinally with a sharp razor and immediately fixed in Bouin's solution for 6 hr at 4°C without any decalcification. After fixation, the tissue blocks were washed with 0.01 M PBS, pH 7 . 2 , with multiple changes, dehydrated by passage through graded concentrations of ethanol, cleared in xylene, and then embedded in paraffin by standard histological procedures. Five-pm longitudinal sections were cut, deparaffinized, hydrated, dried, and then subjected to immunohistochemical staining in a humidified chamber at room tempera-ture according to the following schedule. Nonspecific protein binding was eliminated by incubation with 1% bovine serum albumin in PBS (BSA-PBS) for 1 hr. Sections were then incubated sequentially with a 1:100 dilution of MAb PC 10 (IgGz,; Novocastra, Newcastle, UK), on MAb that recog nizes the nuclear antigen PCNA/cyclin, overnight at 4'C; rabbit anti-mouse immunoglobulin (1:200 dilution in BSA-PBS) for 40 min; and protein A-gold (5 nm in diameter; Bio Cell, Cardiff, UK), diluted 120 in PBS, for 1 hr. Three washes in PBS were made between each step, and sections were then transferred to distilled water after the last step of protein A-gold immersion. Finally, the IGSS technique (18) was applied to these sections without any counterstaining. Incubation of the tissue sections with omission of primary antibody was performed as a negative control, as well as incubation of the tissue sections with an immunoglobulin subclass-matched unrelated primary MAb.
Computer-aided Image Analysis. Procedures for the application of post-IGSS sections to computer-aided image analysis, utilizing an Interactive Laser Cytometer Analysis System (ACAS 570; Meridian Instrument, Okamos. MI), were previously described in detail (38) . In brief, the data were collected via a photomultiplier tube (PMT 40%) by scanning areas of 70 x 70 pm with a step size of 1.00 km on the IGSS sections. The magnification in relation to the assessment field was approximately x 40. A raw PMT image was obtained under optical light microscopic illumination (AV 6V) with an Olympus IMT-2 microscope attached to the ACAS 570. The light intensity was set so that the color values for inverted topographic images would be in the range of 0-4095. The value of each pixel in an image was inverted by use of the COMPLEMENT DATA program, by which high color values are provided for dark spots. In the same way, sections treated with nonimmune (control) serum were also subjected to analysis, and an average color value based on nonspecific staining (background value) was determined. This background value (approximately 1800) was subtracted from each image of experimental sections to obtain images for specific staining. The computer-processed images were then analyzed with the software installed in the ACAS 570. We selected 40-50 cells in a single topographic image by operation of the DEFINE CELL program and subsequently obtained a cell image by operation of the MARK AREA program. After background subtraction, this topographic image analysis was carried out on three selected fields in a single specimen from each experimental group. All data were consolidated into histograms of integrated value, area, perimeter, and shape factor. Quantitative comparisons among normal, Hypox. and Hypox + GH growth plates were then made by statistical analysis of these values.
The parameters and procedure for image analysis with the ACAS 570 were the same as reported previously (38) .
Statistical Analysis. We conducted statistical analysis by using the value of average and standard error of mean from histograms generated by a computer program used with the ACAS 570, which values were determined under the same range in each experimental group. The difference between two groups (from normal, Hypox, and Hypox + GH groups) was compared for statistical significance by Student's t-test.
Results

ImmunohistochemicaL Findings
Topographic differences in the growth plate between normal, Hypox, and Hypox + GH rats were similar to those found in our previous morphometric study with EGF (37) . The Hypox rat growth plate showed a lesser thickness compared with the plate of the normal control group, whereas the plates of the Hypox + GH animals were readily distinguishable from the normal control and were significantly thicker than those of the Hypox group. Moreover, the chon- tions for nuclear staining of PCNA were evident in sections from all the experimental animals, but demonstrated a significant difference among the experimental groups. In normal rats, positive reactions were found in chondrocytes of the proliferative zone, some of which were entering the maturing cell zone (Figure 1 ). In contrast, a significant diminution of staining intensity in reaction sites was shown in Hypox rat growth plates. In the Hypox group, only a few chondrocytes with a flattened appearance in the proliferative zone exhibited positive staining for PCNA ( Figure 2 ). In Hypox + GH animals, conversely, a markedly increased ratio of PCNApositive cells exhibiting a variety of nuclear sizes and of staining intensities in the proliferative zone was observed ( Figure 3 ). Immunoreactivity in the maturing chondrocytes was generally absent or only a trace in each experimental group. Some maturing chondrocytes (seen adjacent to the label for the maturing cell zone in Figure 1 ) were stained faintly. However, they did not appear frequently and were an exception in this experiment. There was no staining of the cartilage cells in the tissue sections when BSA was used instead of primary antibody as a staining control (data not shown).
Histomorphometric Analysis Using ACAS 5 70
The data were collected by a 32-bit computer and analyzed with the software package installed in the ACAS 570. We obtained topographic map images (complementary images), which could be superimposed on the selected areas observed by light microscopy, from normal (Figure 4a ), Hypox (Figure 5a ), and Hypox + GH growth plates (Figure 6a ). Subsequently, the images of 40-50 PCNApositive cells having a variety of color values (color value range of 0-4095) were obtained (Figures 4b, 5b , and 6b). The data were then consolidated from three different areas in a single specimen. After background subtraction, histograms for the integrated value. area, perimeter, and shape factor were prepared (Figures 7-9 ). The shape factor is 1.0 when a nuclear section is an exact circle, and this value decreases with increasing irregularity of nuclear shape.
By comparison of histograms for these various parameters, there were quantitative differences among normal (Figure 7) . Hypox (Figure 8) . and Hypox + G H (Figure 9 Figure 7) and Hypox (Figure 8) rats. Note the increase in the number of cells that have departed from the round shape, as evaluated by the shape factor value. Vertical scale indicates cell number. rimeter, and shape factor were found in the Hypox + GH group ( Figure 9) when these values were compared with those from normal ( Figure 7) and Hypox (Figure 8 ) rats. In other words, immunoreactive cells from the Hypox + GH group revealed the following characteristics: a variety of staining intensities, including cells with values over 150,000 (Figure 9a ), a largely occupied domain per selected microscopic field (Figure 9b) , and an apparently greater size (Figure 9c ) compared with the cells from normal (Figure 7) or Hypox (Figure 8 ) growth plates. There were similar trends of cell distribution for values of the cell integration, area, and perimeter between normal (Figures 7a-7c) and Hypox (Figures 8a-8c ) rats. However, comparatively lower values were demonstrated for sections from the Hypox rat than for those from normal rats for the respective parameters. Furthermore, in the Hypox rat, a deviation of the cell shape from an exact circle, in terms of increasing irregularity of the nuclear shape, was evident ( Figure 8d ) compared with the cell shape in normal ( Figure 7d ) and Hypox + GH (Figure 9d ) growth plates. These changes were further confirmed by statistical evaluation of the data (Table 1 ).
Discussion
The lifespan of chondrocytes within the epiphyseal growth plate, in concert with matrix remodeling and longitudinal bone growth, is controlled by avariety of endogenous and systemic factors stimulating a sequence of events involving cell proliferation and maturation (14, 15) . We showed here that the PCNA expression in the proliferative chondrocytes is markedly suppressed by hypophysectomy and is restored, with a significant increase in the number of PCNA-immunoreactive cells, after GH treatment. Our study has not resolved the question of whether the in vivo increase in cell replication is a direct effect of GH. However, our results indicate that the cell proliferative activity of the growth plate, particularly of the chondrocytes of the proliferative zone, might be controlled specifically by GH. The in vitro study by Oberbauer and Peng (31) provides ample experimental support for this concept. By estimation of the proliferative characteristics of growth plate chondrocytes by use of BrdU incorporation, Farnum and Wilsman (8) described that chondrocytes within a given column are more synchronized with each other than with chondrocytes in other columns. The dynamic study by these authors concerning interstitial growth of the cartilage cells may be extremely significant, because column arrangement is substantially maintained by bundles of collagen in the partition of intercellular substance that runs longitudinally between the columns. Furthermore, Breur et al. (4) demonstrated localization of chondrocytes during the S-phase of the cell cycle in the proximal portion of the proliferative zone of the rat growth plate. The enlargement of growth plate chondrocytes started immediately after cell division in the proliferative zone, in which exogenous BrdU labeling took place. Our present data, using PCNA as a endogenous marker of the replicating cells, well agree with the findings by these authors.
The advent of PC 10, an MAb against PCNA that can recognize proliferating cells in fixed and paraffin-embedded tissues, appears to provide a feasible tool for retrospective evaluation of cell kinetics (6, 12, 40) . During the cell cycle, PCNA expression increases through the GI-phase, becomes maximal at early S-phase, and declines throughout Gz-phase (7,27). This sequence of events has been suggested to be regulated by autocrine or paracrine stimulatory influences of certain growth factors (2, 12, 17) , and a variety of growth factors, such as IGFI (16, 24, 25, 29) and its binding proteins (28, 32) , have been shown in vitro to modulate functional chondrocytic differentiation in terms of DNA and proteoglycan synthesis (13, 19, 35) . Alternatively, Vivien et al. (39) reported that the expression of transforming growth factor-p (TGF-P) is controlled with the transversing of the S-phase and takes part in the repair of the cartilage matrix. E F -B is also recognized as a modulator of chondrocyte differentiation (21) . These lines of evidence may lend support to the present data of PCNA expression in vivo, which occurs in the S-phase of the cell cycle.
In the present study, we demonstrated a remarkable degree of cell proliferative activity (as revealed by PCNA expression) in the Hypox + GH rat growth plate. Although GH receptor immunolocalization was documented in both the proliferative and hypertrophic (maturing) cell zones (42), maturing chondrocytes from the respective experimental animals of this study failed to express any apparent PCNA immunoreactivity. Very rarely, chondrocytes in the maturing zone in normal rats were faintly stained. However, they were rare and were therefore considered to represent an exception. The reason for different levels of distribution between the reported GH receptor and PCNA expression remains uncertain. However, because IGF-I-like immunoreactive cells were also shown to be located in the proliferative zone (15) , GH may act in part synergistically with this cytokine to stimulate the cascade of events associated with cell proliferation in this zone. In support of this assumption, Oberbauer and Peng (31) suggested that GH preferentially acts on the activity of proliferating chondrocytes.
Moreover, the synthesis of PCNA in the proliferative zone may be regulated at the transcriptional level, and stability of the mRNA for this cell proliferation marker may be influenced specifically by GH. In addition, nuclear protein phosphorylation, which is neces- The present study was undertaken on the assumption that the staining intensity is proportional to the PCNA amount. Hypophysectomy, in terms of endogenous suppression of GH action in vivo, led to impaired proliferation of cells in the proliferative zone. Furthermore, it became apparent that systemic administration of GH specifically induced cell proliferative activity in this particular zone.
However, taking into account the aforementioned data, we can hypothesize that the cell cycle expression (as revealed by PCNA), 
